Abstract. In many parts of the world, reinforced concrete (RC) buildings, designed and built in accordance with older codes, have suffered severe damage or even collapse as a result of recent near-fault earthquakes. This is particularly due to the deficiencies of most of the older (and even some of the recent) codes in dealing with near fault events. In this study, a tested three-storey frame designed for gravity loads only was selected to represent those deficient buildings. Nonlinear time history analyses were performed, followed by damage assessment procedures. The results were compared with experimental observation of the same frame showing a good match. Damage and fragility analyses of the frame subjected to 204 pulse-type motions were then performed using a selected damage model and inter-storey drifts. The results showed that the frame located in near-fault regions is extremely vulnerable to ground motions. The results also showed that the damage model better captures the damage distribution in the frame than inter-storey drifts. The first storey was identified as the most fragile and the inner columns of the first storey suffered most damage as indicated by the damage index. The findings would be helpful in the decision making process prior to the strengthening of buildings in near-fault regions.
Introduction
Considerable losses of human lives and property have been observed in recent near-fault earthquakes such as Northridge 1994 , Kobe 1995 , Chi-Chi 1999 , and Bam 2003 . These unfortunate events have signalled the need to do more research on near-fault seismic events, the necessity for risk assessment of the existing buildings, and a revision of structural design methods for these regions. The reasons for the devastating consequences of near fault earthquakes seem to be not only due to the strong near-fault pulse-type ground motions themselves but also to the deficiencies of non-seismically designed buildings designed and built using older codes that did not consider the near-fault effects (and in some cases even the far-fault effects) adequately. The historical milestone of the former issue was possibly recognised in the earthquake events of 1966 Corresponding author, Senior Lecturer, Ph.D E-mail: h.ronagh@uq.edu.au a Ph.D student. E-mail: v.caovan@uq.edu.au b Ph.D student. E-mail: h.baji@uq.edu.au at Parkfield and 1971 at San Fernando in California (Mavroeidis and Papageorgiou, 2003) . These events caused a strong surge in the volume of publications related to the effects of near-fault ground motions on structures (Kalkan and Kunnath 2006) .
Several studies have been performed recently to assess the structural performance of RC structures subjected to near-fault motions (Alavi and Krawinkler 2004; Choi et al. 2010; Liao et al. 2001; Yüksel and Sürmeli 2010) . However, studies of damage or fragility of structures located in near-fault regions are rarely found in the literature. In this study, damage and fragility analyses of a non-seismically designed reinforced concrete (RC) frame subjected to pulse-type motions in near-fault regions were performed. Two hundred and four pulse-type earthquake records were selected to represent possible ground motions for a near-fault region. A three-storey RC frame designed for gravity load representing existing non-seismically designed buildings, which was tested by Bracci (1992) and published by Bracci et al. (1995) , was considered in this study. A nonlinear time history procedure was used for analysing the structures. The extent of the information available in Bracci (1992) and Bracci et al. (1995) makes it possible to conduct a thorough study of the behaviour numerically, allowing direct and meaningful comparisons of the numerical results with the experimental observations. Analyses of the frame subjected to the selected pulse-type motions were then performed. This was followed by damage analyses using the inter-storey drift as an indicator of the damage level in addition to the damage index proposed by Park and Ang (1985) . The fragility curves of non-seismically designed RC buildings were established in terms of the Velocity Spectrum Intensity (VSI) of 204 real near-fault pulse-type motions corresponding to the states of light, moderate, severe damage, and collapse. These fragility curves, which are for non-seismically designed buildings in near-fault pulse-type regions, show the vulnerability of those buildings and the potential losses. These can be used to help with the decision making process prior to the strengthening of buildings in near-fault regions.
Near-fault pulse-type ground motions
Near-fault earthquakes and their effects on structures have attracted considerable research attention in the fields of Seismology and Structural Engineering. The special characteristics of near-fault earthquakes from an engineering point of view were first recognized by Bertero et al (1978) . Near-fault ground motions differ greatly from those of far-fault ground motions (Choi et al. 2010; Kalkan and Kunnath, 2006) . Generally, near-fault earthquakes are strong dynamic motions. They usually have high peak ground acceleration (Lu and Lin 2009) , intense velocity (Galal and Naimi 2008; Hatzigeorgiou 2010; Lu and Lin 2009) , and large displacements (fling-step) (Galal and Ghobarah 2006; Park et al. 2004) .
Near-fault records are generally of a pulse-type (Baker 2007) , and show long pulse-type periods (2s to 5s) (Galal and Naimi, 2008; Krishnan 2007; Mollaioli et al. 2006) . Seismic events recorded in near-fault regions vary depending on the faulting mechanism, direction of propagation and the possible static deformations (fling-step effects) (Kalkan and Kunnath, 2006; Somerville and Graves 1993) . They can be divided into fault-normal and fault-parallel components. The former often produces higher demands on structures than the latter (Alavi and Krawinkler 2001) . Near-fault earthquakes transmit high energy to structures at the onset of the record (Choi et al. 2008; Liao et al. 2001) , which causes the structures respond differently from their response when subjected to far-fault earthquakes. Near-fault seismic events impose very high demands on the structures, forcing them to absorb a large portion of the input energy in a few large displacement cycles (Kalkan and Kunnath, 2006; Manfredi et al. 2003; Mollaioli et al. 2006; Shih et al. 2007) .
The Pacific Earthquake Engineering Research Center database software (PEER 2011) wa s used to select near-fault pulse-type motions. Two hundred and four available pulse-type r ecords of 102 stations in different earthquakes occurring all over the world were selected. These are shown in Appendix A numbered from 001 to 102 with different Next Generatio n Attenuation numbers (NGA#).
The actual VSI of every record was determined using the SeismoSignal software ("SeismoSignal" 2010). The range of VSI varies from 42(cm) to 580(cm).
Selection of damage indicators
Inter-storey drift is one of the most common measures of structural response. It can be used to define the extent of damage in a structure. Table 1 shows the guidelines available in FEMA 356 (ASCE, 2000) for different damage levels.
In addition to drift, the Park and Ang (1985) damage model was selected for fragility analysis. It is shown in Eq. (1) as a combination of deformation and hysteretic energy due to an earthquake. This damage model is quite well known and has been widely used in many studies including those by Kim et al. (2005) , Yüksel and Sürmeli (2010) , Ghosh et al. (2011) and Bassam et al. (2011) . The inclusion of the effect of cyclic loads and its clear classification of damage levels shown in Table 2 seem to be the reasons for the widespread use of the model. The legends shown in the first column are used to illustrate its corresponding damage levels and later used to express the damage of the frame presented in Sections 5 and 6. Park and Ang (1985) defined the damage index DI as where, u m is the maximum displacement of a single-degree-of-freedom (SDOF) system subjected to earthquake, u u is the ultimate displacement under monotonic loading, E h is the hysteretic energy dissipated by the SDOF system, F y is the yield force and β is a parameter to include the effect of repeated loading. The value of β varies from 0.05-0.15 (Prakash and Belarbi 2010) . The average value of β = 0.1, which was used by Yüksel and Sürmeli (2010) , is employed in the study. DI ≥ 0.8 has been suggested to represent collapse (Tabeshpour et al., 2004) . Park and Ang (1985) employed a weighting factor based on hysteretic energy (E i ) in order to compute the damage index for different storeys and for the overall structure. It is worth mentioning that the Park and Ang (1985) damage model results in a positive damage index with any small elastic deformation as can be seen from the first part of the Eq. (1). This is a limitation of the model (Cao et al., 2014; . However, this limitation, together with no specific upper limit (Cao et al. 2014; , would be helpful for a fragility analysis.
Description of the case study frame
The model of a one-third scale three-storey RC frame designed only for gravity load is shown in Fig. 1 . This scaled model was tested by Bracci (1992) . Fig. 2 presents its dimensions (in inches) and reinforcement details. The average elastic modulus E c of concrete was 24200 MPa and the average strength f c ' was 27.2 MPa (varying from 20.2 to 34.2 MPa). Table 3 shows four types of reinforcement and their properties.
The total weight of each floor was found to be approximately 120 kN, including the self-weight of beams, columns, slabs and additional weights attached to the model as can be seen in Fig. 1 . Further details of the model can be found in Bracci (1992) and Bracci et al. (1995) . The N21E ground acceleration component of the Taft earthquake, which occurred on 21 July 1952 at the Fig. 1 Model of three storey frame (Bracci et al. 1995) Fig. 2 Dimensions and reinforcement arrangement of three storey frame model (Bracci et al. 1995) Lincoln School Tunnel site in California, was used for the experiment. Minor, moderate and severe shakings were represented by different peak ground accelerations (PGA) of 0.05g, 0.20g and 0.30g, respectively.
Modelling and calibration
Some hysteretic models for RC members available in the literature include the cracking of concrete in the tension zone while some do not. In other words, some models are developed based on tri-linear curves whilst the rest are based on bi-linear curves. This characteristic can be used to classify those models into two types: tri-linear and bi-linear hysteretic models. The Takeda model (Takeda et al. 1970 ) is selected for use in this paper because it can represent the damage to an RC structure when the tension zone of concrete is cracked as shown in Fig. 3a , in which the coordinates (D cr , P cr ) and (D y , P y ) represent the cracking and yielding points respectively. Seven rules were developed to capture the response of the strutures subjected to cyclic loads as shown in Figs. 3b and 3c . The detailed descriptions of these rules can be found in Takeda et al. (1970) .
The moment-curvature curves of reinforced concrete sections up to their ultimate are obtained using a fibre model, in which the cross section is discretised into many fibres. The strain distribution is assumed to be linear and the stress on each fibre is based on the material model with the strain defined at the centroid of that fibre. Behaviour of concrete is assumed to follow the modified the Kent and Park (1971) model made by Park et al. (1982) and simple model (Park and Paulay 1975 ) is used for steel. The iterated loops of strain distribution stop when the equilibrium conditions are achieved. (Takeda et al. 1970) The obtained moment-curvature curves are converted to moment-rotation curves, which are used for the nonlinear time history analyses, using the plastic hinge technique. The simple plastic hinge length l p = d, where, d is the depth of the cross section, proposed by Sheikh and Khoury (1993) is adopted in this study. FEMA 356 (ASCE 2000) guidelines are followed to obtain the post-ultimate behaviour leading to collapse. Table 4 shows the axial loads in columns which are assumed to be constant during earthquakes. The nonlinear Link element in SAP2000 is employed to model the structure as shown in Fig. 4 . The SAP2000 nonlinear Link element allows for the incorporation of the moment-rotation property of the plastic hinge, and its behaviour follows the Takeda hysteretic model (Takeda et al., 1970) described above. Table 5 shows the first structural frequencies by comparison with those from the experiment. The first and second modes demonstrate a good match but there is little difference in the third mode. However, the first mode plays the most important role. Table 6 presents the maximum inter-storey drifts and maximum storey displacements obtained from the model in comparison with those from the experiment (Bracci et al. 1995) . Though not an exact match, an overall good approximation is demonstrated by the model.
Following the time history analyses, the selected Park and Ang (1985) damage model is employed to quantify the damage suffered by the frame during excitations. Figs. 5a, 6a and 7a show the experimental damage states obtained from (Bracci 1992) while Figs. 5b, 6b and 7b present the analytical damage states for the Taft PGAs of 0.05g, 0.20g and 0.30g, respectively. It is worth noting that different damage index levels of the analytical damage states are referred to the legends described in Table 2 . The analytical damage states noticeably distinguish the damage for three shaking PGA intensities and are overall close to the experimental states. It should be noted that in the damage states obtained from analyses, DI < 0.1 in most of the positions in the frame is corresponding to "localized minor cracking" or "no damage". This is due to the limitations mentioned at the end of Section 3. Fig. 4 Modelling of the three-storey frame with nonlinear Link elements 
Time history, damage analyses and risk assessment
The structural model was subjected to the 204 selected pulse-type near-fault earthquake motions and the inter-storey drifts were identified. This was followed by damage analyses using the Park and Ang (1985) damage model. Fig. 8 shows the distribution of maximum inter-storey drift of each storey. It can be seen in Fig. 8 that the distribution of maximum inter-storey drifts of storeys 1 and 2 are similar while that of storey 3 shifts to a smaller inter-storey drift of 2%. Fig. 8 also shows that the probability of damage to storeys 1 and 2 is almost similar while being higher than that for storey 3. However, it fails to confirm that the first storey is the most fragile as was seen in the experiment. Fig. 9 shows the average inter-storey drifts plotted in accordance with the potential damage levels based on FEMA 356 (ASCE 2000) guidelines. The average inter-storey drifts close to 4% show that the frame is on the verge of collapse. Fig. 9 also shows that storey 2 experiences the highest inter-storey drift, which misrepresents the damage patterns obtained from the experiment shown in Figs. 5a, 6a and 7a. This, together with the above distribution of maximum inter-storey drifts, shows that the inter-storey drift may not appropriately capture the distribution of damage in the frame. Fig. 10 shows the average damage state, with the damage levels described in Table 2 , of the frame subjected to 204 pulse-type motions. The first storey suffers the most damage while the third storey experiences the least. The most severe damage occurs in the two inner columns of the first storey. These locations are of importance for the whole structure as they can trigger the collapse of the whole building. Fig. 11 shows the percentage of records which caused different levels of damage based on maximum inter-storey drifts. Only 4.4% of records caused light damage; 27.0% moderate while 33.3% and 35.3% caused severe damage and collapse, respectively. Overall, deficient buildings are extremely vulnerable to near-fault pulse-type motions as shown in Fig. 11 with a large percentage (68.6%) of the records causing severe damage and collapse.
Fragility is defined as the conditional probability of reaching or exceeding specified levels of damage under a given earthquake intensity which is represented by seismic parameters (Ellingwood, 2001 ). This concept is visually described by Park et al. (2009) as shown in Fig. 12 . Fig. 12a describes the distribution of the structural response D for a given earthquake intensity S an . 
where,  is the standard normal distribution, X is the lognormal distributed seismic parameters, S and β are the mean and the standard deviation of ln X. A seismic parameter well representing the damage potential of structures should be selected as a hazard parameter. PGA is a commonly used seismic parameter; however, it demonstrates a weak correlation with the structural damage (Elenas 2000) . In a study on correlation between seismic parameters and lining damage of mountain tunnels, Chen and Wei (2012) found that VSI correlates strongly with the lining damage. In a recent study on correlation between parameters of pulse-type motions and damage of low-rise RC frames, Cao and Ronagh (2014) found that VSI demonstrated the best correlation with the structural damage. Therefore, in this study, VSI is selected as the hazard parameter for constructing the fragility curves.
Figs 13 to 15 show the storey fragility curves for different damage states. Figs. 13a to 15a are established based on inter-storey drifts while Figs. 13b to 15b are based on the maximum Park and Ang damage index. It can be seen from the these figures that the fragility curves based on drifts of storey 1 and storey 2 are identical while the fragility curves based on the Park and Ang damage index are different for each storey. Based on the Park and Ang model, the first storey is the most fragile, followed by the second storey and then the third storey. These show that inter-storey drift can be a poor indicator of damage while the damage model of Park and Ang (1985) is clearly a better indicator. Figs. 13b to 15b show that the level of damage in the building is governed by the damage to storey 1, which is consistent with the experimental results. Fig. 17 shows the fragility curves based on the maximum inter-storey drift and the maximum damage index. The fragility curves based on Park and Ang damage index underestimate the damage of the frame in comparison with those based on inter-storey drift. As can be determined from Fig. 17b , the frame suffered moderate damage at the intensity of only approximately 125cm with probability of exceedance of 50%. In Figs. 17a and 17b , within the range of VSI from 42(cm) to 580(cm) of 204 near-fault pulse-type records, the fragility curves locate on the left corresponding to low levels of VSI. 
Conclusions
A previously tested non-seismically designed three-storey frame was modelled in SAP2000 using the nonlinear Link element with the Takeda model (Takeda et al. 1970) . The analytical results obtained are consistent with those from the experiment for the N21E ground motion component of the Taft earthquake with three PGAs of 0.05g, 0.20g and 0.30g. Two hundred and four pulse-type records of worldwide near-fault earthquakes were selected to represent the possible ground motions in a near-fault region. The model was then subjected to these motions and damage and fragility analyses were performed based on the Park and Ang (1985) damage model and the commonly used parameter of inter-storey drift. The results show that the non-seismically designed RC frames were extremely vulnerable to near-fault pulse-type motions. The probability of severe damage and collapse was close to 70% when using inter-storey drift for the assessment of damage. Within the range of VSI from 42(cm) to 580(cm) of the selected near-fault motions, the frame suffered moderate damage at the intensity of only approximately 125cm with probability of exceedance of 50%. The results also revealed that inter-storey drift cannot be used to locate and quantify the damage distributed in the frame and to appropriately capture the damage of different storeys; being so, it would not be a good damage indicator although it has been widely used. On the contrary, the Park and Ang (1985) damage model shows a better match to the experimental damage distributed at different locations.
